Background: Upstream mechanisms of HGF-induced endothelial barrier enhancement are not well understood. Results: HGF induced IQGAP1 interaction with Rac-specific GEF Asef leading to endothelial barrier enhancement. Conclusion: IQGAP1-dependent Asef targeting to cortical cytoskeleton represents a novel mechanism of local regulation of Rac and endothelial barrier function. Significance: Subcellular targeting of small GTPase regulators may represent a novel approach to modulate vascular endothelial permeability.
cific GEF Tiam1 in the EC barrier protection induced by several agonists, including HGF (8, 18 -20) . However, Tiam1 downregulation did not cause complete suppression of HGF protective effects, suggesting activation of additional mechanisms.
Asef has been recently described as a novel Rac/Cdc42-specific GEF in cancer cells (21) . Asef activation by binding to microtubule-associated protein APC promoted intestinal adenoma formation and tumor progression (21) . Asef contains a Dbl homology (DH) domain exhibiting GEF activity, a pleckstrin homology domain that determines the subcellular localization and activity by interacting with phosphatidylinositol phosphate, an Src homology 3 autoinhibitory domain, and a region that binds microtubule-associated tumor suppressor protein APC (APC domain) (21) . Asef has been proposed to regulate the actin cytoskeleton in epithelial and neuronal cells by activating Rac and Cdc42 GTPases (22) . The involvement of Asef in vascular endothelial barrier regulation remains unknown.
IQGAP1 is a multifunctional adaptor protein involved in the coordination of diverse cellular processes, including receptor activation, regulation of MAPK signaling, activity of small GTPases, the regulation of cytoskeletal remodeling, and assembly of cell junctions (23) (24) (25) (26) . IQGAP1 controls microtubule and actin cytoskeletal dynamics via interactions with small GTPases Rac1 and Cdc42. GTP-bound Rac interacts with IQGAP1 and promotes tethering of actin filaments. IQGAP1 contains a calponin homology domain, four calmodulin-binding IQ domains, a RasGAP-related domain (GRD), and a RasGAP C-terminal domain (27) . IQGAP1 has been shown to interact with several target proteins associated with microtubules, adherens junctions, and actin cytoskeleton, including ␤-catenin, E-cadherin, N-WASP, Arp2/3, cortactin, microtubule-associated plus end tracking proteins (CLIP170, CLASP-2), and others (26) .
The reported interaction of IQGAP1 with microtubules via APC (28) raises the possibility of cross0talk between microtubules and actin cytoskeletal regulation. In the cancer Vero cell line, IQGAP1 directly interacts with APC, and an IQGAP1-APC complex co-localizes at the leading edge with Rac and Cdc42 (28) where it may regulate cortical actin dynamics. However, a role of IQGAP1 in HGF-mediated endothelial barrierprotective response has not been yet defined. This study tested the hypothesis that HGF-induced activation of cortical actin dynamics and endothelial barrier enhancement involve Asef activation and functional interactions with IQGAP1, which may be important for local regulation of Rac activity and IQGAP1 interactions with regulators of actin polymerization and cytoskeletal remodeling.
EXPERIMENTAL PROCEDURES

Cell Culture and Reagents-Human HGF was obtained from R&D Systems (Minneapolis, MN). Cell-permeable c-Met kinase inhibitor, N-(3-fluoro-4-(7-methoxy-4-quinolinyl)phenyl)-1-(2-
hydroxy-2-methylpropyl)-5-methyl-3-oxo-phenyl-2,3-dihydro-1H-pyrazole carboxamide, was from EMD Millipore (Billerica, MA). Texas Red-conjugated phalloidin and Alexa Fluor 488 were purchased form Molecular Probes (Eugene, OR). Arp3 and Rac1 antibodies were purchased from BD Transduction Laboratories (San Diego, CA); Asef, IQGAP1, HA tag, and Myc tag antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA); cortactin antibodies were from Millipore (Billerica, MA). Unless otherwise specified, all biochemical reagents, including ␤-actin and ␤-tubulin antibodies, were obtained from Sigma. Human pulmonary artery endothelial cells (HPAEC) were obtained from Lonza (East Rutherford, NJ) and used for experiments at passages 5-7. HA-tagged wild type Asef, dominant negative Asef ⌬DH , constitutively active Asef ⌬APC , activated Asef-D133A/E365A mutant subcloned into pcDNA3.1 vector for mammalian expression, as well as GST-tagged wild type Asef subcloned into pGEX vector for bacterial expression were generated in the Akiyama laboratory and described previously (21, 29) . Plasmids encoding Myc-tagged full-length IQGAP1, IQGAP1⌬C mutant encoding an IQGAP1 isoform lacking C-terminal amino acids 1502-1657, and IQGAP1⌬GRD mutant lacking Rac-binding domain (GRD) flanked by amino acids 1025-1238 subcloned into pcDNA3.1 vector (Invitrogen) for mammalian expression were generated in the Sacks laboratory and described elsewhere (30) .
Analysis of EC Permeability-Endothelial permeability to macromolecules was monitored by express permeability testing assay (XPerT) (31, 32) available from Millipore (Vascular Permeability Imaging Assay, catalog no. ). This assay is based on high affinity binding of cell-impermeable avidinconjugated FITC-labeled tracer to the biotinylated extracellular matrix proteins immobilized on the surface covered with EC monolayers. In permeability visualization experiments, 15 min after EC stimulation with HGF, FITC-avidin solution was added directly to the culture medium for 3 min before termination of the experiment. Unbound FITC-avidin was washed out with PBS (pH 7.4, 37°C); cells were fixed with 3.7% formaldehyde in PBS (10 min at room temperature), and visualization of FITC-avidin on the bottoms of coverslips was performed using Nikon imaging system Eclipse TE 300 (Nikon, Tokyo, Japan) equipped with a digital camera (DKC 5000, Sony, Tokyo, Japan); ϫ10 objective lenses were used. Images were processed with Adobe Photoshop 7.0 software (Adobe Systems, San Jose, CA). For the permeability assay in 96-well plates, cells were seeded on biotinylated gelatin-coated plates (3 ϫ 10 4 cells/well) and grown for 48 -72 h prior to testing. FITC-avidin solution was added directly to the culture medium at the final concentration 25 g/ml for 3 min before termination of the experiment unless otherwise specified. Unbound FITC-avidin was washed out with 200 l of PBS, pH 7.4, 37°C (two cycles, 10 s each). Finally, 100 l of PBS was added to each well, and the fluorescence of matrix-bound FITC-avidin was measured on Victor X5 Multilabel Plate Reader (PerkinElmer Life Sciences) using an excitation wavelength of 485 nm and emission wavelength of 535 nm.
Immunofluorescence Staining-Endothelial cells plated on glass coverslips were treated with the agonist of interest, fixed in 3.7% formaldehyde solution in PBS for 10 min at 4°C, washed three times with PBS, permeabilized with 0.1% Triton X-100 in PBS/Tween (PBST) for 30 min at room temperature, and blocked with 2% BSA in PBST for 30 min. Incubations with primary antibody of interest were performed in blocking solution (2% BSA in PBST) for 1 h at room temperature, followed by staining with Alexa 488-conjugated secondary antibodies.
Actin filaments were stained with Texas Red-conjugated phalloidin. After immunostaining, slides were analyzed using a Nikon video imaging system (Nikon Instech Co., Japan) as described elsewhere (33, 34) .
Co-immunoprecipitation, Differential Protein Fractionation, and Immunoblotting-After agonist stimulation, cells were washed in cold PBS and lysed on ice with cold TBS/Nonidet P-40 lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40) supplemented with protease and phosphatase inhibitor mixtures (Roche Applied Science). Clarified lysates were then incubated with antibodies to Myc tag, IQGAP1, or Asef overnight at 4°C and washed 3-4 times with TBS/Nonidet P-40 lysis buffer, and the complexes were analyzed by Western blotting using appropriate antibodies. In fractionation studies, cytosolic (soluble) and membrane/cytoskeletal (particulate) fractions were isolated as described previously (19, 35) . Protein extracts were separated by SDS-PAGE, transferred to polyvinylidene fluoride (PVDF) membrane, and probed with specific antibodies. Equal protein loading was verified by reprobing membranes with antibody to ␤-actin or specific protein of interest.
Rac and Asef Activation Assays-Rac activation was evaluated in pulldown assays using agarose beads with immobilized PAK1-PBD (36) . In brief, after stimulation, cell lysates were collected, and GTP-bound Rac was captured using pulldown assays with immobilized PAK1-PBD agarose. Levels of activated Rac were evaluated by Western blot analysis and normalized to the total protein content. Active Asef was affinity-precipitated from cell lysates according to a previously described protocol (37) using the Rac (G15A) mutant kindly provided by K. Szaszi (St. Michael's Hospital, Toronto, Canada). This mutant cannot bind nucleotide and therefore has high affinity for activated GEFs (38) . Activated Asef in Rac (G15A) pulldowns was detected by Western blotting and normalized to total Asef in cell lysates for each sample. Precipitation with glutathione-Sepharose beads containing no fusion proteins resulted in no Asef precipitation.
siRNA and DNA Transfections-Asef-specific and c-Metspecific sets of three pre-designed Stealth TM select siRNA duplexes were purchased from Invitrogen in ready to use, desalted, deprotected, and annealed double strand form. Nonspecific RNA (Dharmacon) was used as a control treatment. Transfection of EC with siRNA was performed as described previously (39) . After 72 h of transfection, cells were used for experiments or harvested for Western blot verification of specific protein depletion. Transient transfections of plasmid DNA were performed using PolyJet In Vitro Transfection Reagent (Signagen, Rockville, MD) according to manufacturer's protocol. After 24 h of transfection, cells were treated with the agonist of interest and used for experiments.
Bacterial Pulldown and Protein Overlay Assay-GST-tagged IQGAP1 in pGEX vector was used for bacterial expression in BL21-AI Escherichia coli strain. GST fusion protein was isolated (40) using glutathione resin (Clontech) and stored as 50% glycerol slurry. After stimulation with agonist, endothelial monolayers were washed with PBS and incubated on ice for 15 min with lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1% Triton X-100, and 10% glycerol). Lysate was clarified by centrifugation and incubated with glutathione resin loaded with GST-IQGAP1 (2 h, 4°C). The resin was then collected by centrifugation and washed three times with lysis buffer, and the amount of Rac bound to IQGAP1 beads was evaluated by Western blot analysis. Agarose beads without IQGAP1 were used as control for nonspecific binding. For protein overlay assay, recombinant proteins expressed in E. coli system were eluted from the beads using elution buffer containing 20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 1 mM dithiothreitol, and 30 mM reduced glutathione. The assay was performed using Bio-Dot Microfiltration apparatus (Bio-Rad) according to the manufacturer's protocol with minor modifications. Briefly, bait proteins were immobilized onto nitrocellulose membrane. After a 30-min incubation with blocking buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM dithiothreitol, and 2% nonfat dry milk, the membranes were incubated with the protein of interest in the blocking buffer for 4 h at 4°C. After three rounds of washing with washing buffer containing 20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 1 mM dithiothreitol, and 0.1% Tween 20, the membranes were incubated appropriate primary antibody, and standard Western blotting procedure was performed to detect interacting proteins.
Statistical Analysis-Results are expressed as means Ϯ S.D. of three to six independent experiments. Stimulated samples were compared with controls by unpaired Student's t tests. For multiple-group comparisons, a one-way variance analysis (ANOVA), followed by the post hoc Fisher's test were used. p Ͻ 0.05 was considered statistically significant.
RESULTS
HGF Induces Accumulation and Co-localization of Asef and
IQGAP1 at the Cell Periphery-HGF stimulation activates peripheral cytoskeletal dynamics in vascular EC in a Rac-dependent fashion (8) . This study used human pulmonary artery endothelial cells to characterize functional interactions between the Rac-specific guanine nucleotide exchange factor Asef and Rac/ Cdc42 effector IQGAP1.
Subcellular fractionation assays showed increased levels of Asef and IQGAP1 in membrane/cytoskeletal fractions collected from HGF-stimulated endothelial cells (Fig. 1A) . Immunofluorescence staining of Asef and IQGAP1 showed their accumulation at the cell periphery upon HGF stimulation (higher magnification insets in Fig. 1B) . Merged images show Asef and IQGAP1 co-localization at peripheral areas of adjacent cells (Fig. 1B, upper panels) . Knockdown of HGF receptor c-Met using siRNA approach inhibited HGF-induced co-localization of IQGAP1 and Asef at the cell junction area (Fig. 1B,   FIGURE 2 . Asef and IQGAP1 knockdown attenuate HGF-induced EC barrier enhancement. A, HPAEC grown on glass coverslips with immobilized biotinylated gelatin (0.25 mg/ml) and transfected with Asef-specific and IQGAP1-specific siRNA or nonspecific (ns) RNA were stimulated with vehicle or HGF (50 ng/ml) followed by addition of FITC-avidin (25 g/ml, 3 min). Unbound FITC-avidin was removed, and FITC fluorescence signal was visualized by fluorescence microscopy; bar, 10 m. Insets, siRNA-mediated protein depletion was confirmed by Western blotting. B, permeability measurements. Bar graph depicts quantitative analysis of FITC fluorescence in control and stimulated EC monolayers in 96-well format measured in microplate reader. Results are represented as mean Ϯ S.D.; *, p Ͻ 0.05, n ϭ 6. RDU, relative density units.
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HGF-induced Enhancement of Endothelial Barrier Is Mediated by Asef and IQGAP1-
The role of Asef and IQGAP1 in HGF-induced EC barrier enhancement was examined using A, HPAEC were transfected with 100 nM Asef-specific siRNA or nonspecific (ns) RNA and stimulated with HGF (50 ng/ml) for 0, 5, or 10 min. Rac activation was determined by Rac-GTP pulldown assay. The content of activated Rac was normalized to the total Rac content in EC lysates. Bar graphs depict quantitative analysis of Western blot data; n ϭ 4; *, p Ͻ 0.05 versus nonspecific RNA. B, HPAEC were stimulated with HGF (50 ng/ml) for the indicated periods of time. Asef activation was determined in pulldown assay with immobilized RacG15A and evaluated by increased Asef association with RacG15A. Content of activated Asef was normalized to the total Asef content in EC lysates. Bar graphs depict quantitative analysis of Western blot data; n ϭ 3; *, p Ͻ 0.05 versus vehicle. C, HPAEC transfected with plasmid encoding wild type or constitutively active (CA) HA-tagged Rac1 were treated with Asef-specific siRNA or nonspecific RNA and stimulated with HGF (50 ng/ml, 5 min). Cell lysates were added to agarose beads with immobilized recombinant IQGAP1. After washing, bound Rac was detected by immunoblotting with Rac antibody. The content of IQGAP1-bound Rac was normalized to the total recombinant Rac content in the EC lysates. Bar graphs depict quantitative analysis of Western blot data; n ϭ 3; *, p Ͻ 0.05 versus nonspecific RNA. RDU, relative density units.
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siRNA knockdown approach. Visualization of local areas with increased or decreased EC permeability for macromolecules was performed in control EC monolayers and in EC with siRNA-based Asef or IQGAP1 knockdown ( Fig. 2A) . In control conditions, basal accumulation of FITC-labeled tracer was observed at sites underlying the cell-cell junction area and reflecting basal level of mass transport across the cell-cell junction area. HGF significantly decreased the basal EC monolayer permeability for FITC-labeled avidin. The barrier enhancing effect of HGF was abrogated in EC monolayers with Asef or IQGAP1 knockdown (Fig. 2A) . The bar graph in Fig. 2B represents a quantitative analysis of EC permeability changes by measurements of fluorescence of accumulated FITC-avidin in 96-well plates with EC monolayers using a microplate reader, as described under "Experimental Procedures."
HGF Stimulates Asef, Rac, and Asef-dependent Rac Association with IQGAP1-We next tested whether HGF induces interactions between Asef and IQGAP1. Co-immunoprecipitation assays with IQGAP1 antibody showed that endogenous Asef and IQGAP1 associate in cells (Fig. 3A) . Incubation with HGF revealed a time-dependent increase in Asef content in immunocomplexes from HGF-stimulated cells. Similar results were obtained in reverse co-immunoprecipitation assays with Asef antibody and detection of co-precipitated IQGAP1 (Fig.  3B) . HGF-induced Asef-IQGAP1 association was dependent on activation of HGF receptor c-Met and was abolished by preincubation with the cell-permeable c-Met kinase inhibitor carboxamide (Fig. 3) .
The HGF-induced endothelial barrier protective response is associated with activation of Rac1 GTPase signaling, but the precise mechanisms of Rac1 activation remain elusive. Asef knockdown by Asef-specific siRNA significantly attenuated the HGF-induced activation of Rac monitored by a Rac-GTP pulldown assay (Fig. 4A) . HGF rapidly stimulated Asef nucleotide exchange activity that was evaluated by a pulldown assay with the immobilized RacG15A mutant described under "Experimental Procedures" (Fig. 4B) . Pulldown assays with cell lysates from control and HGF-stimulated EC monolayers using beads with immobilized IQGAP1 showed increased Rac binding to immobilized IQGAP1 incubated with HGF-stimulated pulmonary EC lysates. This effect is presumably due to increased levels of activated GTP-loaded Rac in HGF-stimulated cells leading to increased interaction of Rac-GTP with IQGAP1. HGF-induced Rac-IQGAP1 binding was attenuated in HPAEC with Asef knockdown (Fig. 4C) . Cells expressing constitutively activated Rac (Rac-CA) were used as a positive control.
Asef Mediates IQGAP1 Peripheral Accumulation and Interaction with Cytoskeletal Effectors-The potential role of Asef in the mechanism by which HGF induced IQGAP1 peripheral translocation was tested by immunofluorescence staining of IQGAP1 in control cells and EC monolayers with Asef knockdown (Fig. 5A) . Asef knockdown attenuated peripheral accumulation of IQGAP1 in response to HGF. The Asef-dependent mechanism of HGF-induced IQGAP1 translocation to subcortical compartment was verified in a biochemical assay. Asef knockdown abolished HGF-induced accumulation of IQGAP1 in the membrane/cytoskeletal fraction, as detected by immunoblotting (Fig. 5B) .
Several cytoskeletal Rac effectors, such as the Arp2/3 complex, p21Arc, and cortactin, are intimately involved in cortical actin rearrangement and regulation of actin polymerization (41) (42) (43) . Asef-dependent IQGAP1 interaction with cytoskeletal effectors in HGF-stimulated EC was further tested in co-immunoprecipitation assays with an IQGAP1 antibody. HGF increased co-immunoprecipitation of cortactin and Arp3 with IQGAP1, which was abolished by Asef knockdown (Fig. 5C ). Immunofluorescence co-staining of IQGAP1 and cortical actin-binding protein cortactin in control and HGF-stimulated EC showed HGFinduced accumulation and co-localization of IQGAP1 and cortactin, which was again inhibited by Asef knockdown (Fig. 5D ). There was no significant difference between IQGAP1 and cortactin localization in nonstimulated EC transfected with nonspecific or Asef-specific siRNA (data not shown).
Asef-IQGAP1 Functional Interaction Promotes HGF-induced Rac Activity and IQGAP1 Stimulation of Cytoskeletal Effectors-
The results described above demonstrate the HGFinduced Asef-IQGAP1 association. However, whether this functional interaction depends on Asef activation is unclear. To address this question, we expressed in pulmonary EC the wild type Asef, constitutively active Asef mutant Asef-D133A/ E365A with point mutations at Asp-133 and Glu-365 E365A (29), or dominant negative Asef ⌬DH mutant with deleted DH domain (Fig. 6, A and B) , and we examined their association with ectopically expressed Myc-tagged IQGAP1 under control and HGF-stimulated conditions. Co-immunoprecipitation assays showed increased association of IQGAP1 with activated Asef-D133A/E365A or constitutively active Asef ⌬APC mutants in nonstimulated cells (Fig. 6A) or wild type Asef in HGF-stimulated cells (Fig. 6B) , whereas interaction of the dominant negative Asef mutant with IQGAP1 in HGF-stimulated cells was significantly attenuated (Fig. 6B) and also suppressed HGF-induced translocation of IQGAP1 to the membrane/cytoskeletal fraction (Fig. 6C) . These results indicate that Asef nucleotide exchange activity is essential for HGF-induced IQGAP1 activation and intracellular redistribution.
The next experiments investigated whether IQGAP1/Asef interactions are direct. Wild type IQGAP1 and Asef were expressed in the bacterial system, and interactions between 
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IQGAP1 and Asef were examined using protein overlay assay. IQGAP1 (Fig. 6D, upper panel) or Asef (Fig. 6D, middle panel) were immobilized on nitrocellulose membranes followed by incubation with Asef or IQGAP1, respectively. Both assays showed no interaction between IQGAP1 and Asef. In contrast, strong protein/protein interactions were detected between constitutively active Rac1 and its binding target, PAK-PBD, which were used as a positive control (Fig. 6D, lower panel) .
Among several IQGAP1 functional domains, the C-terminal domain is implicated in the IQGAP1 interactions with actinbinding and microtubule-associated proteins, including APC (26, 44, 45) . To evaluate a role for the C terminus of IQGAP1 in its association with Asef, we used agarose beads conjugated with bacterially expressed recombinant wild type IQGAP1 or IQGAP1-⌬C mutant. This truncated mutant lacks amino acids 1502-1657 at the C terminus. Analysis was performed by pulldown of overexpressed wild type Asef from EC lysates. Asef was found to associate with wild type IQGAP1 but not with IQGAP1-⌬C beads or naked beads without conjugated IQGAP1 (Fig. 7A, left panels) . Experiments with the IQGAP1-⌬GRD mutant lacking the Ras GTPase-binding site did not reveal significant differences in Asef binding, as compared with wild type controls (Fig. 7A, right panels) . These data suggest that the GRD domain is not essential for Asef-IQGAP1complex formation.
To further test the role of the IQGAP1 C-terminal domain in HGF-induced IQGAP1/Asef interactions, we expressed wild type IQGAP1 or IQGAP1-⌬C in pulmonary EC. In contrast to cells expressing wild type IQGAP1, Asef was not found in immunoprecipitates from EC-expressing IQGAP1-⌬C (Fig.  7B) . Because immunoprecipitation of recombinant IQGAP1 was performed using Myc tag antibody, interference of endogenous IQGAP1 in this assay was excluded. Complementary experiments demonstrated reduced peripheral translocation of Asef in response to HGF in the cells transfected with IQGAP1-⌬C (Fig. 7C) . These results further support the key role of the IQGAP1 C-terminal domain in the HGF-induced enhancement of IQGAP1-Asef protein association.
IQGAP1 binds preferentially to activated Rac1 and Cdc42 via Ras GTPase-activating protein-related domain (GRD) flanked by amino acids 1025-1238 (23) . In this study, HGF induced interaction of Rac with wild type IQGAP1 but not with the IQGAP1-⌬GRD deletion mutant (Fig. 7D) . Interestingly, analysis of HGF-stimulated EC-expressing wild type IQGAP1 or IQGAP1-⌬C mutants showed attenuated Rac activation in cells expressing IQGAP1-⌬C (Fig. 7E ). Taken together with the results in Fig. 7B , these data suggest a role for Asef/IQGAP1 interaction in Rac activation by HGF.
IQGAP1 interaction with activated GTPase results in IQGAP1-mediated activation of downstream effectors. Expression of wild type IQGAP1 or IQGAP1-truncated mutant lacking the GRD domain (IQGAP1-⌬GRD) in pulmonary EC showed that HGF-induced association of Arp3 and cortactin with IQGAP1-⌬GRD was decreased (Fig. 7F) . Importantly, coprecipitation of Arp3 and cortactin with IQGAP1-⌬C was also decreased. These data indicate allosteric regulation of IQGAP1 interactions with actin cytoskeletal proteins.
DISCUSSION
The main finding of this study is the HGF-induced formation of the Asef-IQGAP1 signaling complex regulating remodeling of peripheral actin in the endothelial monolayer and enhancement of the endothelial barrier. Molecular inhibition of Asef and IQGAP1 attenuated HGF-induced EC barrier enhancement. Conversely, HGF-induced formation of the Asef-IQGAP1 complex further stimulated HGF-induced Rac signaling and increased IQGAP1 interaction with the actin-binding proteins cortactin and Arp3, which are involved in cortical actin polymerization and peripheral cytoskeletal dynamics. As Asef is capable of activating both, Rac and Cdc42, which may interact with IQGAP1 and trigger cell junction and cytoskeletal remodeling and regulate EC permeability (46, 47), we do not exclude additional involvement of Asef-activated Cdc42 in the cytoskeletal remodeling and barrier regulation. However, this study focused on Rac as the best described regulator of EC monolayer integrity.
HGF-induced Asef-IQGAP1 association required active Asef and was significantly but not completely suppressed by expression of a dominant negative Asef mutant or Asef siRNA. Previous studies reporting an additional role of another Rac GEF, Tiam1, in the mediation of HGF-protective responses in vascular endothelium (8, 48) may explain the incomplete inhibition of HGF responses by Asef knockdown shown in this study.
Asef activity was also essential for HGF-induced accumulation of IQGAP1 at the cell periphery. Although HGF also activates Tiam1 (8, 48) , our results suggest that IQGAP1 redistribution and interaction with the actin cytoskeleton effectors are FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7 at least in part regulated by Asef. These data suggest that Asef and Tiam1 may be involved in different aspects of the HGFinduced effects, and further studies are warranted to investigate the interplay between Tiam1 and Asef in the HGF-induced regulation of peripheral cytoskeletal remodeling and the EC permeability response.
IQGAP1-Asef Complex Controls Rac Signaling
Asef forms a complex with a microtubule-binding protein APC (22) . In turn, APC interacts the with IQGAP1 C terminus
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VOLUME 290 • NUMBER 7 • FEBRUARY 13, 2015 (25, 26) . Our experiments with the expression of the IQGAP1⌬C mutant show an abrogated IQGAP1/Asef interaction and suggest the critical importance of the IQGAP1 C-terminal domain in the complex formation with Asef indirectly, via linker protein(s), i.e. APC. How may HGF increase Asef-IQGAP1 association? We speculate that HGF may promote peripheral microtubule growth leading to increased availability of the APC/Asef pool to the IQGAP1 localized at the cortical region. This possibility is supported by our most recent study showing Rac-dependent formation of an IQGAP1 functional complex containing microtubule plus-end binding protein EB1 and cortactin (49) . The precise mechanisms of IQGAP1-Asef capturing at the cell periphery require further elucidation.
Another interesting question is the mechanism of suppression of HGF-induced Rac activation by an IQGAP1⌬C mutant.
Previous studies showed that the deletion of any of three IQGAP1 functional domains, the C terminus, GRD, or IQ domains, abolished Cdc42 binding to IQGAP1 (50) . Overexpression of the IQGAP1, but not IQGAP1-⌬GRD, mutant increased basal Cdc42 activation. These findings suggest an allosteric mechanism of IQGAP1 interaction with Cdc42, which may also apply to the IQGAP1 interaction with Rac1. Although these findings demonstrate why Rac may not bind to IQGAP1-⌬C, they do not explain why cells expressing IQGAP1-⌬C did not develop full Rac activation in response to HGF. The impaired Rac activation in this condition may be explained by Asef mis-targeting caused by forced expression of IQGAP1⌬C mutant, which does not capture Asef at the cell cortical location. As a result, Asef in HGF-stimulated cells expressing IQGAP1⌬C becomes unloaded prematurely due to FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7 peripheral microtubule depolymerization reflecting a basic feature of microtubule dynamic instability, and therefore, it does not reach its destination at the cell cortex. Asef also does not become properly activated, which impairs its regulation of local Rac signaling and peripheral actin remodeling. Asef activity in the IQGAP1 complex may be also stimulated by IQGAP1-assisted translocation to the cell membrane, where Asef may interact via its pleckstrin homology domain with PIP 3 , the phosphoinositide product of PI 3-kinase (51) . Interaction with PIP 3 is necessary to activate the catalytic activity of the DH domains of some GEFs (16) .
IQGAP1-Asef Complex Controls Rac Signaling
Our data show that HGF stimulation increases Rac binding to IQGAP1, which is controlled by HGF-activated Asef. This interaction promotes IQGAP1 association with cortactin and Arp3, proteins known to activate peripheral cytoskeletal remodeling and EC barrier enhancement (8, 42, 52) . IQGAP1 interacts with Rac and Cdc42 GTPases via GRD, and this interaction leads to IQGAP1 activation and interaction with effector proteins (23) . Interestingly, deletion of the GRD or C-terminal domain attenuated IQGAP1 interactions with cortactin and Arp3, and deletion of the C-terminal domain also decreased Rac activation caused by HGF. These effects suggest that IQGAP1 stimulates local Rac activity by association with Asef via the C-terminal domain. In addition, binding of activated Rac to the IQGAP1 GRD stimulates peripheral cytoskeletal remodeling. These results suggest a dual role for IQGAP1 as both mediator and effector of Rac signaling, which requires functional interactions with Asef. Based on our findings, we propose a model of Asef/IQGAP1-dependent control of vascular endothelial integrity by HGF (Fig. 8) . HGF-induced activation of the c-Met receptor stimulates activation of Asef leading to formation of a functional Asef-IQGAP1 complex via APC at the C-terminal domain of IQGAP1. As a result, stimulation of Rac activity by Asef stimulates IQGAP1 interactions with the actinbinding proteins cortactin and Arp3 leading to remodeling of the peripheral cytoskeleton and enhancement of the vascular endothelial barrier. In addition to the C terminus of IQGAP1, activated Asef may also interact with Rac, which is in turn associated with the GRD domain of IQGAP1. Association of activated GEFs with their small GTPase targets has been detected in pulldowns and published in the literature (19, 53) . This may explain the increased association of IQGAP1 with constitutively active Asef mutants lacking the APC-binding domain (Fig. 6A) . In contrast, under basal conditions the Asef/IQGAP1 interactions are not significantly affected in the cells overexpressing IQGAP1, which lacks the GRD domain (Fig. 7A) .
A recent study demonstrated a functional role of IQGAP1 in the Rac-and phospholipase D-dependent peripheral targeting of the NADPH oxidase subunit p47 PHOX in pulmonary EC exposed to hyperoxia (54) . Hyperoxia-mediated IQGAP1 activation through Rac1 was critical for p47 PHOX translocation accompaniedbyperipheralaccumulationoftyrosine-phosphorylated cortactin and p47 PHOX -dependent ROS formation in human lung endothelial cells. Taken together with the suggested role of IQGAP1 in control of adherens junctions, microtubule capturing, and the results of this study, these findings illustrate a wide variety of IQGAP1 cellular functions.
In conclusion, these results demonstrate a novel role for the Asef-IQGAP1 functional complex mediating the HGF-induced EC barrier enhancement. Activation of Asef-IQGAP1 signaling may represent a general mechanism of local Rac regulation in agonist-stimulated cells leading to barrier enhancement or other physiological responses.
